The rearrangement of the domain structure induced by chemical etching has been observed in periodically poled MgO-doped stoichiometric lithium tantalate single crystals. Topographic and piezoresponse scanning probe microscopy have been used for measuring the etching relief height and domain wall position after etching. The considerable shift of the domain wall during etching by pure hydrofluoric acid has been revealed by analysis of the experimental data. We have found that the wall motion proceeded after the termination of the etching procedure. We have shown that the whole consequence of the domain wall positions during etching is recorded in the etching relief height and can be extracted with high spatial and temporal resolution. © 2005 American Institute of Physics. ͓DOI: 10.1063/1.1993769͔
Spatially selective chemical etching is one of the oldest and most popular techniques used for revealing the domain structure in ferroelectrics. The inherent difference in the etch rate for domains with opposite directions of spontaneous polarization leads to the formation of steps on the polished sample's surface at the position of the domain walls. This method is commonly used for precise measurement of the period and duty cycle of the engineered periodic domain patterns in lithium niobate, LiNbO 3 and lithium tantalate, LiTaO 3 ͑LT͒, 1,2 using hydrofluoric acid ͑HF͒ based etchants. [3] [4] [5] It is generally accepted that the etching procedure does not significantly affect the domain structure. Thus the etched relief structure correlates one-to-one with the existing stable domain pattern. In this letter we demonstrate that this statement is not always true. We show experimentally using scanning probe microscopy ͑SPM͒ measurements that in MgO doped stoichiometric LT ͑MgO: SLT͒ crystals, contrary to current opinion, the domain walls can be shifted considerably ͑about tenths of microns͒ from their initial positions during etching.
The investigated SLT crystals with 1 mol % of MgO have been grown by double-crucible modification of Czochralski technique. 6 The single-domain samples are 0.5-mmthick polished plates cut normal to the polar axis. The periodic domain structure has been created by the application of electric field pulses using a lithographically deposited strip metal electrode structure with a period of about 8 m on the Z + surface and a continuous electrode of liquid electrolyte ͑LiCl aqua solution͒ on the Z − surface. The electrode strips have been elongated in the Y direction. 7 The chemical etching was carried out in the temperature range from 25 to 45°C in pure HF for times ranging from 20 to 120 min. The domains revealed by etching have been visualized by optical microscopy in reflected light. The surface relief height has been measured by contact atomic force microscopy ͑AFM͒. We have used the piezoresponse force microscopy ͑PFM͒ for revealing the wall shift after termination of the etching procedure. For SLT the etch rate, while using pure acid ͑48% HF͒ at room temperature, is about 0.9 nm/ min for the Z − surface 8 and negligibly small for the Z + one. The optical images of the domain structure revealed by etching are unexpectedly blurred on both polar surfaces in the areas situated as a rule in the vicinity of the ends of the strip domains ͑Fig. 1͒. This effect is most pronounced near the corners of the electrode structure. The shapes of the "blurred ends" essentially differ on the opposite polar surfaces ͑Fig. 1͒. We have undertaken a detailed study of such unusual etching behavior by the SPM technique. Application of the AFM allows us to measure the etching relief height with nanoscale resolution, while the PFM reveals the wall shift after completion of the etching procedure.
AFM measurements show that there are the conventional sharp steps along the strip domain edges and the unusual regions with smooth slope in the vicinity of the ends of some strip domains ͓Fig. 2͑a͔͒. The appearance of the latter regions can be attributed to the shifting of the domain walls during etching. In such a case the polarization reversal at the given point on the sample surface leads to the sudden change of the local etch rate. Thus the motion of the wall during etching forms a region of varying etching depth in the whole switching area with boundaries corresponding to positions of the domain walls at the beginning and at the completion of PFM images obtained several hours later after completion of the etching demonstrate that the ends of the strip domains are situated in the uniformly etched area far from the boundary of the final position of the domain wall revealed by AFM ͓Figs. 2͑b͒, 2͑d͒, 3͑b͒, and 3͑d͔͒. The distance between wall positions revealed by AFM and PFM reaches 50 m. It is a clear evidence of the continuation of the wall motion even after completion of the etching. It must be stressed that the etch-induced wall motion observed in MgO: SLT is negligible in congruent LT ͑CLT͒. The domain wall prints ͑thin lines͒ observed by PFM ͓Figs. 2͑b͒, 2͑d͒, 3͑b͒, and 3͑d͔͒ are the artifacts due to abrupt relief steps.
Due to the aforementioned high etch rate for the Z − surface as compared with the Z + one the depth of the etch relief at the given surface point is proportional to the time interval during which this point was in the Z − state. Such an approach allows us to reveal the moment of polarization reversal at any point of the switched area by analysis of the surface relief. Thus the unique information about the evolution of the domain structure during etching can be obtained with extremely high spatial resolution. The typical images of the etching relief at the Z + and Z − surfaces near the end of one of the strip domains measured by APM and PFM are presented in Fig. 3 . The cross section of the relief along the strip domain ͑Y direction͒ ͓Fig. 4͑a͔͒ is qualitatively similar for all investigated samples. The time dependence of the local wall shift ͓Figs. 5͑a͒ and 5͑b͔͒ and local wall motion velocity in the Y direction ͓Figs. 5͑c͒ and 5͑d͔͒ were extracted by the analysis of this cross section. The average wall velocity increases for elevated etching temperatures. The immediate start of the wall motion at the beginning of the etching is an evidence of threshold absence for etch-induced switching. The same analysis of the measured etching relief allows us to extract the sequence of the domain wall's positions for different moments of the etching procedure ͑Fig. 6͒.
It is necessary to exclude the influence of pyroelectric field because the etching has been carried out at elevated temperatures. A control experiment has been done to study the influence of the heating/cooling procedure. The periodically poled sample has been treated in conditions very close to chemical etching but in HNO 3 heated up to 40°C, ͑2͒ kept for 2 h, and ͑3͒ cooled to room temperature. The stability of the domain structure observed by SFM proves that the wall shift is caused by chemical etching.
We propose that the observed etch-induced domain wall motion is due to decreasing the compensation of the depolarization field caused by etching. Let us consider the conditions of the domain wall stability before etching. The domain structure does not change after removing of the external field if the backswitching field E bs produced by depolarization field E dep sufficiently compensated by external E scr and bulk E b screening effects is lower than the threshold field for the domain wall motion E th :
For electrically shorted polar surfaces the fast external screening can compensate E dep only partially due to existence of the intrinsic surface dielectric layer, so the role of the slow bulk screening becomes crucial. 10, 11 Two groups of competing bulk screening mechanisms have been discussed: ͑1͒ spatial charge redistribution, 12, 13 and ͑2͒ orientation of the defect dipoles. 14, 15 It is known that the bulk conductivity is negligible for CLT in the temperature range of our study. 9 Thus the bulk screening orientation of defect dipoles predominates. It must be stressed that the defect dipoles are distributed through the whole bulk and removing the surface layer of any depth does not affect the screening conditions. 14, 15 In MgO: SLT the bulk screening by redistribution of the bulk charges prevails due to higher conductivity and lower concentration of the defect dipoles as compare with CLT. 16 This leads to formation of the bulk charge in the vicinity of the polar surfaces. Such a screening mechanism is very sensitive to removing the surface layer. The lower value of the threshold field in MgO: SLT ͑Ref. 17͒ facilitates the backswitching. Thus the etch-induced domain wall motion in MgO: SLT is caused by an increase of E bs due to partial removing of the bulk screening charge. Retardation of the bulk screening leads to formation of the spatially nonuniform E bs . 18 The field value is determined by the etching depth and ratio between rates of etching and bulk screening. Remaining E bs after termination of the etching procedure explains the observed further wall motion.
The studied domain structure was fabricated for the second harmonic generation at 532 nm from 1064 nm. Although domain instability was found, we did not observe conversion efficiency degradation of more than 0.5% for 6 months since the total backswitched area is localized along the domain edges.
In conclusion we claim that for any domain structure evolution during etching the whole consequence of the domain wall positions must be recorded in the etching relief height and can be extracted with high spatial and temporal resolution. It is possible to claim the following achievements: ͑1͒ the rearrangement of the ferroelectric domain structure induced by a chemical etching procedure has been discovered; ͑2͒ the proposed original research method allows us to extract the detailed information about domain evolution from the etching relief measured by various SPM modes ͑Fig. 6͒; ͑3͒ the etch-induced domain switching can be used as a new domain engineering method for the creation of submicron and nanoscale domain structures.
